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ABSTRACT

Analyses of imaging radar data of volcanic terranes on Earth and
Venus have emphasized the need for a clearer understanding of how
these data can be most effectively used to accomplish important volca-
nological goals, including the interpretation of eruptive styles and the
characterization of the geologic history of volcanic centers. The sec-
ond Shuttle Imaging Radar experiment (SIR-B) obtained two digital
images over the summit caldera and the Southwest Rift Zone of
Kilauea Volcano in 1984. Our geologic analyses of these images indi-
cate that SIR-B data are particularly useful for delineating the distri-
bution and surface textural variations of a’a lava flows, for mapping
large-scale topographic features with radar-facing slopes, and for
identifying an areally extensive pyroclastic deposit. Analyses of the
SIR-B data of Kilauea, however, do not permit unambiguous identifi-
cation of landforms such as pahoehoe lava flows, cinder cones, and
fissures. Although separation of low-return units such as pahoehoe
lava flows and adjacent pyroclastic ash is not greatly improved using
standard image-enhancement techniques, the texture-analysis tech-
nique applied here did facilitate discrimination of such smooth-
surfaced volcanic deposits. Although analyses of the SIR-B data
permit a generally accurate interpretation of the eruptive history of
Kilauea, the inability to distinguish low-return pahoehoe flows results
in misinterpretation of several aspects of Kilanea volcanism, suggest-
ing that caution should be exercised in the interpretation of SAR data
of volcanic terranes.

INTRODUCTION

Geologic analyses of remote-sensing data acquired over volcanic
terranes on the Earth and on the terrestrial planets have provided impor-
tant chemical and physical constraints on our understanding of the occur-
rence and context of basaltic volcanism in the Solar System. Composi-
tional, stratigraphic, and lithologic information obtained from remote-
sensing techniques such as reflectance spectroscopy (Pieters and others,
1973; Pieters, 1978; McCord and others, 1981; Singer, 1985), and imaging
at visible, near-infrared, thermal (Carr and others, 1977; Kieffer and oth-
ers, 1977), and radar wavelengths (Schaber and others, 1975; Zisk and
others, 1977; Gaddis and others, 1985a) have permitted comparison of the
processes and products of eruptions, and interpretation of eruptive histories
of volcanic terranes which would otherwise be inaccessible to us. In some
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areas of the Earth and on the surface of Venus, for example, the operation
of remote-sensing systems employing short wavelengths (0.4 to 12 um) is
hampered by the presence of fog, clouds, and/or rain. In recent years, this
limitation has been overcome by the use of longer-wavelength, orbital
imaging synthetic aperture radar (SAR) sensors on Earth such as those of
the Seasat and the two Shuttle Imaging Radar systems (SIR-A and SIR-B;
Table 1). These L-band (23-cm wavelength) SAR systems, virtually unaf-
fected by weather conditions and operable at any time of day, have pro-
vided synoptic data over several volcanically active areas of Earth (Elachi
and others, 1980; Farr and others, 1981; Blom and other, 1982; Fielding
and others, 1986; Kaupp and others, 1986), many of which are commonly
obscured by clouds. In addition, analysis of United States Earth-based and
Soviet orbital radar images of the cloud-covered surface of Venus has
identified many probable volcanic features and units (Masursky and oth-
ers, 1980; Campbell and others, 1984; Barsukov and others, 1986; Basi-
levsky and others, 1986). The surface of Venus is currently scheduled to be
more closely examined by the orbital imaging SAR system of NASA’s
Magellan spacecraft.

To understand the character of volcanic eruptions and their products
as observed by SAR systems, we can conduct geologic analyses of imaging
radar data acquired over accessible volcanic terranes on Earth. Kilauea
Volcano, Hawaii, is an excellent site for such an analysis for a number of
reasons, including its accessibility, its relative lack of vegetation, and the
variety of lithologies, morphologies, and ages of volcanic units present. In
1984, two SIR-B SAR images were acquired over the summit caldera and
Southwest Rift Zone of Kilauea Volcano at 28°- and 48°-incidence angles
(the angle between the transmitted/incident wave and the normal to the
ground; Fig. 1).

Preliminary analyses of the SIR-B data of Kilauea indicated that
many volcanic landforms could be readily identified on these data, includ-
ing large-scale topographic features such as fault scarps and crater rims
which were facing the radar antenna, a’a lava flows, and ash deposits
(Gaddis and others, 1985b; Kaupp and others, 1986). Difficulty in recog-
nizing pahoehoe lava flows, and small cinder cones, spatter ramparts, and

TABLE 1. NASA ORBITAL RADAR MISSIONS

Mission Year Wavelength Incidence angle Resolution
Seasat 1978 L-Band 23° 2B5m
SIR-A 1981 L-Band 47° 40 m
SIR-B 1984 L-Band 15° to 60° 25m
SIR-C* 1990 X-, C-, L-Band 15° 10 60° 25m
Magellan 1989 S-Band 15° 10 45° 150 m

*Four polarizations (HH, HV, VV, VH) at L- and C-band; only VV at X-band.

Geological Society of America Bulletin, v. 101, p. 317-332, 17 figs., 3 tables, March 1989.
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fissures associated with eruptive centers, however, precludes an accurate
interpretation of the character of volcanism near Kilauea on the basis of
the SIR-B data alone. To facilitate the use of SAR data in the geologic
analysis of less accessible volcanic terranes, we present a summary of
volcanic landforms of Kilauea as they are seen on the SIR-B images, the
results of image enhancement and analysis (that is, image smoothing, unit
mapping, and texture analysis) of the SIR-B data to improve unit discrimi-
nation, and a discussion of the advantages and limitations of the SIR-B
data for characterizing volcanism at Kilauea.

Radar as a Geologic Tool

Geologic analyses of SAR images are commonly based on the ability
to relate backscatter intensity on an image to a specific surface or feature.
Radar backscatter intensity is influenced by system parameters and terrane
properties (Sabins, 1986; Elachi and others, 1986). Radar system parame-
ters include wavelength, incidence angle, and polarization of the transmit-
ted signal. For radar systems which use directly polarized radar energy
(such as the SIR-B sensor), backscatter intensity is generally determined by
the amount of surface scattering. Terrane properties which have the most
influence on radar backscatter include topographic slopes, surface rough-
ness on the scale of the radar wavelength, and electrical properties of the
surface materials (described by the complex dielectric constant). Topo-
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Figure 1. Sketch map of Hawaii. SIR-B collected digital data
along the two ground swaths shown: the solid line outlines the image
acquired at a 28°-incidence angle (data take 99.2), whereas the dashed
line marks the 48°-incidence-angle image (data take 115.2). The radar
illumination direction (arrow) is toward the southeast. The area
shown in Figure 3, the Kilauea summit and Southwest Rift Zone
(SWR2Z), is also outlined.
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Figure 2. The theoretical radar backscatter versus incidence-
angle response for surfaces with different roughnesses (after Cimino
and others, 1986). A radar-smooth surface has an average roughness
smaller than the wavelength, whereas a radar-rough surface has an
average roughness comparable to, or greater than, the wavelength.

graphic landforms with slopes oriented toward the radar antenna generally
have high backscatter intensities because they are preferentially illumi-
nated; although backscatter is higher at smaller incidence angles, images
are distorted by foreshortening and/or layover at small angles of incidence
(less than about 30°) in steep terranes.

In radar surveys, roughness is a measure of the irregularity of the
surface (both vertical and horizontal) compared with the radar wave-
length. Although vertical relief (typically cited as the standard deviation of
the surface height variations or “root mean square” heights; Ulaby and
others, 1982) is only an approximation of the complex geometries often
found in natural terranes, it is a commonly used measure of surface rough-
ness. On radar images, geologic surfaces can be classified as smooth,
intermediate, or rough, relative to the radar wavelength and angle of
incidence; the relationship between radar incidence angle and backscatter
intensity for increasingly rough surfaces is shown in Figure 2. Smooth
surfaces produce mirrorlike or specular reflections in which radar energy is
returned at an angle equal and opposite to the incidence angle. Because
significant backscatter from smooth surfaces is received only at very small
(almost vertical) angles of incidence or from slopes oriented toward the
radar antenna, specular reflectors appear dark on radar images. Surfaces of
intermediate roughness (with moderate brightness on radar images) scatter
incident energy diffusely in all directions, with the largest component
reflected at an angle approximately equal to the incidence angle. A rough
surface is a diffuse scatterer, reflecting energy equally in all directions; rough
surfaces scatter diffusely at relatively uniform intensity regardless of the
angle of incidence. Because rough surfaces return the most energy to the
receiver, they are bright features on radar images.

The complex dielectric constant is a representation of the physical
state (for example, density, porosity) and composition of geologic mate-
rials (Ulaby and others, 1981). The dielectric constant is most strongly
influenced by moisture content; as dielectric properties of soils and rocks
increase as a direct function of moisture content, wet materials produce
backscatter of a higher intensity than do dry materials of the same type. As
observed in the 47°-incidence angle SIR-A images of the Sahara, L-band
radar is capable of penetrating dry sand to depths of at least 1.5 m
(Schaber and others, 1986). In the Sahara, the occurrence of smooth-
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Figure 3. Map of the
Kilauea summit and SWRZ
showing major volcanic land-
forms: pahoehoe flows are
shaded in black; a’a flows are

————— 33 outlined; the 1790 (dot-dash-
D ed line) and 1924 (dotted
K{'\H\a'e_mﬁ"‘a” line) pyro.clastic deposits.are
_.Z TexxT also outlined; dashed lines
TN o Pi mark SWRZ fissures; faults
i Ki|a|1|:.!ea are outlined with dots mark-

i

ing the downthrown side; pit

surfaced, hyperarid, unconsolidated sand overlying a shallowly buried
stream channel has permitted surface penetration and reflection of radar
energy from subsurface rocks. In the absence of a subsurface reflector,
backscatter from a thick (at least several meters deep), dry, sandy layer is
low (dark) due to attenuation (absorption) of the radar energy (Schaber
and others, 1986). For dry, coherent volcanic materials with limited com-
positional variability, such as the majority of those of the summit and
Southwest Rift Zone of Kilauea Volcano, surface roughness may be con-
sidered to have the strongest influence on backscatter intensity.

craters are outlined with in-
ward tickmarks; cones of the
Kamakaia Hills are dotted.

Geologic Setting

SIR-B radar coverage of Hawaii extends northeastward from the
southern tip of the island over the Southwest Rift Zone and summit
caldera of Kilauea Volcano to the town of Hilo (Fig. 1). Kilauea Volcano
is a broad, low-relief (1,200-m-high) volcanic shield located at the base of
the southeastern side of the larger Mauna Loa shield (4,000 m high).

B

Figure 4. Contrast-enhanced segments of the SIR-B images of Kilauea: (A) was acquired at a 28°-incidence angle. The area shown
(comparable to that of Fig. 3) extends from Kilauea Caldera (at right) southwest along the SWRZ to the ocean. The radar look direction is top to

bottom (to southeast) for each image.
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Recent volcanic activity at Kilauea is characterized by quiescent effusion
of very fluid basaltic lavas with small amounts of associated gas (Mac-
donald and others, 1983). Although fire-fountaining is often observed,
only two violently explosive eruptions have occurred near Kilauea in
historic times: the extremely energetic (by Hawaiian standards) phreato-
magmatic eruption of Kilauea Caldera in 1790 and the less energetic
phreatic eruption of Halemaumau in 1924 (Decker and Christiansen,
1984).

SIR-B coverage included two major structural components of Kil-
auea: the summit caldera complex and the Southwest Rift Zone (Fig. 3).
The summit is dominated by Kilauea Caldera (4.0 km across, 120 m deep)
which is ringed by a series of arcuate step faults on the northeastern and
western sides, whereas the southern rim is a low, ash-mantled rise. The pit
crater Halemaumau (900 m diameter) has been the site of most of the
recent volcanic activity of the Kilauea summit. Much of the floor of
Kilauea Caldera is covered with pahoehoe lava flows (ranging in age from
prehistoric to young; the most recent summit eruption was in September of
1982) and mantling deposits of ash produced during the 1790 and 1924
explosive eruptions of Halemaumau. An additional pyroclastic deposit,
erupted in 1959, is associated with the Kilauea Iki crater and cone located
just to the east of Kilauea Caldera.

The Southwest Rift Zone (SWRZ), extending southward from Kil-
auea Caldera to the ocean, is bounded to the east by the northwest-facing,
10-m-high normal faults of the Koae fault system. Farther south, scarps of
the southeast-facing Hilina Pali are as much as 500 m high. Historic
volcanic eruptions of the SWRZ originated along fissures such as the Great
Crack (as much as 15 m wide) and those of the upper rift zone (as much as
10 m wide) near Kilauea Caldera (Holcomb, 1987; Fig. 3). Many of these
flows consist of pahoehoe near the vent and grade to a’a along the length
of the flow. Vent areas are commonly marked by features such as cinder
cones, spatter ramparts, and low lava shields (for example, Mauna Iki).

VOLCANIC LANDFORM CHARACTERIZATION

A major objective of many geologic analyses of volcanic terranes has
been the characterization of landforms indicative of eruption styles and
emplacement mechanisms (for example, Basaltic Volcanism Study Project,
1981, ch. 5). Morphologic analyses of a variety of volcanic landforms,
including topographic features (Nakamura and others, 1980; Wood,
1984), pyroclastic deposits (Walker, 1973), and effusive products (Hulme,
1974; Baloga and Pieri, 1986; Peterson and Tilling, 1980), are conducted
to understand the importance of factors such as tectonics, topography,
magma characteristics, and environmental conditions and their influence
on eruption and emplacement style. To understand the utility of SAR data
for volcanic landform characterization, the following sections describe
SIR-B radar signatures of many of the major volcanic landforms of Ki-
lauea (Fig. 4) and attempt to identify the characteristics of the surface
materials which most strongly influenced those signatures.

Topographic Features

Topographic features with identifiable radar signatures on the SIR-B
data of Kilauea include the summit caldera, the interior pit crater Hale-
maumau, the adjacent pit crater of Kilauea Iki, the Koae faults (Fig. 5),
and portions of the Great Crack. Each of these features has an enhanced
(brighter) radar backscatter due to topographic relief of 10 m or more and
slopes oriented approximately perpendicular to the SIR-B radar antenna.
Topographic features which are not readily detectable on the SIR-B radar
images of the SWRZ include the low (40-m-high), broad lava shield of
Mauna Iki; the Kamakaia Hills, a complex of small (30-m-high) cinder
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Figure 5. Scarps (~10 m high) of the Koae faults (looking
southwest). The December 1974 flow can be seen on the right in the
distance.

Figure 6. The prehistoric spatter-and-cinder cones of the Kama-
kaia Hills. The larger cone in the foreground is ~30 m high.

Figure 7. An aerial view of fissures (as much as 5 m wide) of the
upper SWRZ, just southwest of Kilauea Caldera (note road for scale).
These fissures have been partly filled by pahoehoe lavas of the Sep-
tember 1971 flow.
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cones (Fig. 6); and the extensive set of fractures (which range in width
from a centimeter to as much as 10 m) to the south and west of Kilauea
Caldera (Fig. 7). Although gentle slopes and the predominance of smooth,
low-return pahoehoe lavas may inhibit identification of Mauna Iki, the
Kamakaia Hills, although observable on the SIR-B images as small, iso-
lated bright patches, are not recognizable as cinder cones. Similarly, the
network of narrow fractures near Kilauea Caldera is represented by onty
two short, bright traces on the SIR-B data; these traces appear to have been
produced by fissures greater than about 5 m in width oriented approxi-
mately perpendicular to the illumination direction of the radar. Few of the
many fissures of the SWRZ are both large enough and oriented properly
to have bright signatures on the SIR-B data.

Pyroclastic Deposits

Dark, low-return landforms on the SIR-B images include slopes fac-
ing away from the radar antenna (for example, the Hilina Pali), smooth-
surfaced units such as relatively unconsolidated pyroclastic deposits, and
pahoehoe lava flows with glassy surfaces. One of the darkest units on the
SIR-B data is associated with an extensive tephra deposit (the Keanakakoi
Formation of Wentworth, 1938) which blankets the area immediately to
the south of Kilauea Caldera and extends outward about 5 km. This
deposit, emplaced during the 1790 explosive eruption of Halemaumau,
consists of numerous thin layers of sandy ash with occasional blocks and
boulders up to 0.5 m in diameter and a total thickness of as much as 9 m
within the caldera (Fig. 8; Malin and others, 1983). The darkness of this
unit on the SIR-B image is comparable to that of a smooth, dry, sandy soil
(Berlin and others, 1986), suggesting that the presence of scattered blocks
and boulders on and within this deposit has little or no effect on the radar
signature. Geologic analyses of SIR-A and SIR-B radar data acquired over
the Sahara indicate that dark returns from smooth, thick (up to several
meters deep), dry, sandy soils result from penetration and absorption of the
radar signal within the layer (Schaber and others, 1986). The relative
contributions of quasi-specular scattering from the smooth surface and
subsurface attenuation to the dark radar signature of the 1790 deposit
cannot be determined with these data.

Two additional pyroclastic deposits of Kilauea have less-distinctive
signatures on the SIR-B data. The phreatic eruption of Halemaumau in
1924 produced an ejecta deposit consisting of scattered fragments of host
rock ranging in size from sand-sized ash particles to 1-m-diameter boulders
(Fig. 9; Macdonald and others, 1983; Decker and Christiansen, 1984).
Field observations of this unit indicate that it is a thin (less than 10 cm near
Halemaumau; “trace” deposits of Decker and Christiansen, 1984) blanket
of debris scattered over pre-existing units. In the SIR-B data, this unit
cannot be directly correlated with the irregular “halo” of radar-bright
material surrounding Halemaumau (Figs. 4 and 10). Because the observed
SIR-B radar signatures correspond most closely to those of the underlying
volcanic units, we conclude that the blocks and boulders of the 1924
phreatic eruption are too broadly scattered to have a strong influence on
the radar backscatter from this area.

In contrast to the radar-dark return of the 1790 deposit, the 1959
pyroclastic deposit southwest of Kilauea Iki crater produced a mottled,
moderately dark return on the SIR-B images. This unit, consisting of
cinder, spatter, and pumice distributed up to 4 km downwind (south-
southwest) of the eruption site, is up to 1 m thick at a 1-km distance from
the vent (Macdonald and others, 1983). The proximity of rain-forest vege-
tation southwest of the vent at Kilauea Iki prevents examination of the
distal portion of the 1959 deposit on the SIR-B images and precludes a
determination of the influence of subsurface units on radar signatures of
this deposit. It is possible, however, that the semi-consolidated (for exam-
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ple, clotted) nature of the cinder and spatter of much of this unit has
inhibited subsurface penetration and attentuation of the SIR-B signal,
resulting in a low-return unit with a slightly higher backscatter than that of
the 1790 tephra deposit.

Source Vents

The lack of correspondence between the 1924 phreatic deposit and
the irregular “halo” around Halemaumau (particularly bright to the north
and east) indicates that a factor other than surface roughness is contribut-
ing to the radar backscatter in this area. For example, examination of the
schematic map and the SIR-B images in Figure 10 shows that the distribu-
tion of the brighter areas of the halo does not correspond to those of
mapped lava flows. Two explanations for the origin of the irregular halo
are plausible at this time: (1) the 2- to 3-m-high spatter ramparts (east-
west-trending) of the April 1982 vent (Fig. 11A) and the north rim of
Halemaumau (with a northward slope of about 10°) have radar-facing

Figure 8. The surface of the 1970 ash deposit (~0.5 km southwest
of Halemaumau) looking north. Here the ash has a smooth, pebbly
surface, with sandy material ~ 1 cm below the surface. Blocks from the
1924 phreatic eruption are also scattered across this surface; note
30-cm ruler for scale.

Figure 9. Blocks and boulders of the 1924 phreatic eruption of
Halemaumau (located ~0.25 km southeast of Halemaumau). The

ruler is 30 cm long.

"
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Figure 10. Kilauea Caldera: (A) map of major features (faults, fissures, cones, craters) and lava flows in the caldera floor (the flow eruption
month and/or year are shown); roads are marked with a dot-dashed line, fissures are hachured. “H.V.0.” is the Hawaii Volcano Observatory of
the U.S. Geological Survey. Contrast-enhanced segments of the (B) 28° and (C) 48°-incidence-angle SIR-B data for the same area are also
shown. The radar look direction is top to bottom (southeast) in these images.

slopes that are of sufficient relief to enhance the backscatter of these areas;
(2) fumarolic activity, intermittently occurring all around Halemaumau
but particularly prominent to the east and southeast (Fig. 11B), may have
increased the backscatter of these areas due to the precipitation of mineral
salts and/or water. Determination of the relative contributions of these
factors cannot be made without additionat field reconnaissance and sam-
pling in this area.

Lava Flows

Surface cover of the summit and SWRZ of Kilauea consists primarily
of the products of effusive volcanic eruptions, with a distribution of about
67% tube-fed pahoehoe, 14% surface-fed pahoehoe, and 16% a’a (Hol-
comb, 1987). Lava flows near the summit of Kilauea are commonly
tube-fed pahoehoe flows, whereas surface-fed pahoehoe flows occur in

near-vent areas along the rift zones, and a’a lava flows predominantly
occur downslope (southeast) of the rift zones. A’a lavas are often observed
at the distal portions of flows erupted as both tube- and surface-fed pahoe-
hoe; such a’a is produced by cooling and crystallization of pahoehoe lava
as it moves farther from the source vent (Peterson and Tilling, 1980;
Kilburn, 1981).

In Hawaii, pahoehoe lavas are commonly very fluid, with low viscos-
ities (200 to 400 Pa s; Shaw, 1969) and only small amounts of dissolved
gases (<0.5 wt%; Greenland, 1987). As a result, pahoehoe flows have
smooth, glassy, gently undulating surfaces typical of a rapidly cooled fluid.
With such surfaces, pahoehoe flows act as specular reflectors and thus
exhibit very low backscatter on the SIR-B images. When young, relatively
unaltered pahoehoe lava flows occur in proximity to other dark, low-
return volcanic landforms such as the 1790 pyroclastic deposit, they can-
not be readily differentiated on the SIR-B images. For example, the July
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B Figure 10. (Continued).

1974 flow in the southeastern floor of Kilauea Caldera and the smaller
September 1982 flow near the south rim are unrecognizable on the SIR-B
data (Fig. 10).

In contrast to pahoehoe lava flows, the brightest geologic units on the
SIR-B data are the a’a lava flows in the SWRZ (Figs. 3 and 4). A’a flows
are so rough to the 23-cm SIR-B wavelength that they act as diffuse
scatterers, deflecting the incident radar energy in all directions; this type of
scattering, which occurs at all incidence angles, produces the brightest
returns observed on the SIR-B data. A’a flow units typically consist of

_ extremely irregular, jagged, clinkery surfaces overlying a massive inner
core of lava, which is itself underlain by a thinner layer of clinker (Stearns,
1985). Clinker fragments range from less than a centimeter to a meter in
diameter, and they may become larger and more rounded as distance from
the vent increases along the flow. Accretionary lava balls as much as 2.5 m
in diameter are often the largest surficial components of a’a flows; these
balls form as a solid block of lava is rolled along on the surface of a flow,
accumulating layers of viscous, plastic lava (Wentworth and Macdonald,
1953).

A’alava flows of the SWRZ are 0.5 m to about 4 m thick and range
in age from recent (1974) to prehistoric (as much as 1,500 yr old; Hol-
comb, 1987). The majority of a’a flows mapped by Holcomb (1980) in
the SWRZ, irrespective of age and/or vegetation cover, can be readily
distinguished on the SIR-B images. Exceptions to this are flows (200 to
700 yr old; Holcomb and others, 1986) of the north-central SWRZ which
have been mantled by wind-blown deposits (generally only a few centime-
ters thick) presumably derived from weathering of basalts and pyroclastic
deposits near the Kilauea summit.

Clearly, the SIR-B radar has separated pahoehoe flows from a’a
flows on the basis of surface texture or roughness. To determine the scale
of roughness at which this separation occurs, we have examined the De-
cember 1974 lava flow in the north-central SWRZ (Figs. 3 and 12A). This

Figure 11. View of the floor of Kilauea Caldera near Haleman-
mau: (A) spatter ramparts of the April 1982 eruption (2 to 3 m high;
view to southwest); (B) fumaroles located southeast of Halemaumau
near the fissure vents of the July 1974 eruption (view to northwest).
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Figure 12. The December 1974 lava flow: (A) map of the distribution of pahoehoe (dark) and a’a (outlined) lavas, kipukas (dotted areas),
and sites (lettered A through G) of surface-roughness measurements; (B) contrast-enhanced 48° SIR-B image. Note that the pahoehoe flow
portion is difficult to distinguish on the radar image; the flow is more easily observed near the pahoehoe-to-a’a transition zone (marked with a

“t”). The radar look direction is to the southeast (top to bottom).

flow erupted as pahoehoe from fissures 2 km south of Kilauea Caldera,
cooled, and became more viscous as the flow moved, fragmented into
plates and clinker, and became a’a about 5 km from the vent. In the SIR-B
image (Fig. 12B), only the rougher a’a portion of this flow is clearly
visible.

The degree of roughness which separates a “radar-smooth” from a
“radar-rough” surface is often approximated by the roughness criterion
developed by Rayleigh (Beckmann and Spizzichino, 1963). According to
the Rayleigh criterion, a surface is smooth if the standard deviation of the
surface heights (also called “rms” height) of its irregularities, h, is

A
8 sin vy

h <

where + is the angle between the ground and the incident radar wave
(defined as the “grazing” angle; for flat terranes, v is equal to the comple-
ment of the incidence angle). Applying this criterion to the 28°- and
48°-incidence angles of the SIR-B data, the theoretical boundary between

smooth and rough surfaces should have irregularities less than about 3 cm
and 4.4 cm in height, respectively.

Table 2 shows standard deviation and maximum vertical relief values
derived from measurements of surface roughness at seven sites along the
length of the December 1974 lava flow (Fig. 12A). Measurements were
made along 7- to 9-m-long transects using a templet, or surface simulator,
with freely moving vertical rods spaced at 1-in. intervals (Gaddis and

TABLE 2. TEMPLET MEASUREMENTS OF SURFACE ROUGHNESS OF
THE DECEMBER 1974 LAVA FLOW

Site Standard deviation (cm) Maximum vertical relief (cm)
A 19 99
B 29 15.9
C 48 262
D 52 235
E 98 524
F 134 56.3
G 219 90.8
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Figure 13. Pixel-brightness (data number, DN) values extracted from pahoehoe (filled
o] circles) and a’a (open circles) lava flows, and ash (squares) deposits on the SIR-B images
® 7 acquired at 48°- and 28°-incidence angles.
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others, unpub. data). Note that although surface roughness generally
increased along the flow length, five of these sites (A to E) were located in
the pahoehoe portion of the flow, with the last two located on newly
developed (F) and well-developed a’a (G). We see that the first three sites,
A through C, have measured roughnesses less than or comparable to the 3
and 4.4 cm of the Rayleigh mode! and in fact are observed to be dark, or
“radar smooth,” on the SIR-B image (Fig. 12B). Measured roughnesses at
sites D and E, located in the zone of transition between pahoehoe and a’a,
are higher (about 5 to 10 cm), and examination of the SIR-B image of the
December 1974 flow shows that the radar backscatter in these areas is
indeed higher than that of the sites located within the smoother pahoehoe
nearer the vent. The very bright return observed on the SIR-B image of
this flow corresponds to a measured surface roughness for the a’a flow
portion of greater than about 10 cm.

These comparisons between measured flow-surface roughness and
radar backscatter suggest that the SIR-B data might be used as a “texture
map” which reflects flow-surface textural changes produced by variations
in lava rheological properties along the length of a lava flow. Although
work is currently under way to determine the correlation between surface
textures (as measured in the field) and emplacement characteristics of lava
flows (Gaddis and others, unpub. data), more effort needs to be directed
toward understanding the relationship between ground-surface textures
and radar-image textures. In the following section, we present a compari-
son of the two SIR-B incidence angles for volcanic landform analysis near
Kilauea, and the results of our efforts to enhance discrimination of geologic
units, particularly the lava flows which dominate the surface area of Kilau-
ea, on the SIR-B data. Enhancements utilized here include image smooth-
ing, and mapping of image units on the basis of both average pixel
brightness values (called “unit mapping” here) and the distribution of tonal
variations (or “textures™) within an image.

SIR-B IMAGE ENHANCEMENT FOR
GEOLOGIC ANALYSIS

SIR-B Incidence Angle Comparison

A major SIR-B mission objective was to acquire digital radar images
over the same target area at multiple angles of incidence (Cimino and
others, 1986), in part to determine what types of geologic information
could be derived from multi-incidence-angle data and to assess the utility
of such data for structural analyses and lithologic mapping (Elachi and

others, 1986). One purpose of this analysis is to compare lithologic map-
ping information obtained from the 28°- and 48°-incidence angle SIR-B
images of Hawaii. Here we examine the relationship between the radar
angle of incidence and the expected return signal level, and we present one
approach for obtaining relative calibration between different radar
measurements.

From the average trends of the backscatter curves of Figure 2, the
incidence angle is observed to influence the signal level returned (backscat-
ter) from a given unit area. As the amount of electromagnetic power
returned to a radar is proportional to the scattering coefficient (that is,
scattering area) of a target, for geologic targets larger than a radar resolu-
tion cell, the scattering area is replaced by an area-independent measure
known as the “differential scattering coefficient,” or “sigma zero” (¢9). We
therefore use average backscatter curves for theoretical expectations from
SIR-B, and thus we expect that the average return at 28° should exceed the
average return at 48°.

Figure 2 also illustrates the influence of surface roughness on the
backscatter from a given unit area; as shown by the decrease in slope with
increasing roughness, the difference in backscatter intensity between pro-
gressively larger angles of incidence becomes smaller as surface roughness
increases (Kaupp and others, 1982). Since smoother surfaces have a larger
difference in backscatter between 28° and 48° a greater degree of unit
discrimination should be observed for smoother units versus rougher units
on the SIR-B data. From the greater separation of the backscatter curves at
larger incidence angles (Fig. 2), we also expect that the sensitivity to
roughness is greater for the 48°-incidence angle SIR-B data.

Figure 13 shows a plot of the average pixel brightness values (or data
numbers, DNs) of several geologic units (pahoehoe and a’a flows, and ash
deposits) in the two SIR-B images of Kilauea. The average DNs were
calculated from unit regions of 300 to 3,000 pixels? in size. For these
regions, ages range from 5 to 60 yr for pahoehoe, 28 to 197 yr for
pyroclastic deposits, and 13 to 67 yr for a’a (Holcomb, 1987). For accu-
rate interpretation of this plot, it must be noted that the data plotted are
derived from the SIR-B images, which are themselves the product of a
complex technology involving (1) the SIR-B sensor (including transient
power stability problems); (2) illumination geometry (28° or 48° angles of
incidence); (3) volcanic unit characteristics (including surface roughness
and dielectric constant); and (4) processing decisions and variables (radi-
ometric calibration, look-averaging, histogram mapping, and so on). As
shown by the upward bias (that is, the nonzero y-intercept) of the line
through the points plotted in Figure 13, the over-all brightness level is
greater for the 48° image, even though theoretical considerations indicate
that the average backscatter was probably lower from any given lava unit
at this incidence angle. This implies that the processing was different for
the two images. Note also that the slope of the line from the origin through
the data plotted in Figure 13 is greater than 45°, reflecting the greater
spread among rougher units for the 48° data and among smoother units for
the 28° data. This slope thus indicates that the 48°-incidence-angle data
exhibit greater sensitivity to surface roughness. This trend (slope) thus
conforms to our expectations, whereas the preceding trend (bias) was
contrary to expectations; both conclusions arise from the image data
themselves.

Care must be exercised when comparing these SIR-B data. Even
when the imaging sensor works flawlessly and the backscatter conforms to
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our theoretical assessment of the physics at the surface, the return signal
must be mapped into an image, and there are an infinite number of ways
to do this (Matthews and others, 1984). Although a mapping algorithm is
often provided so that a user can derive data uncorrupted by mapping
enhancements designed to improve interpretability of the image data, this
does not guarantee that a complete and accurate calibration exists for the
sensor for two or more scenes of interest. Without such calibration data, it
is invalid to compare data quantitatively from two or more scenes except
in the most general and subjective ways (for example, Feature A is brighter
than B, and B is brighter than C in image 1; A is brighter than B, but C is
brighter than B in image 2).

Meaningful comparison of data from the 28° and 48° SIR-B images
is a difficult problem, especially because of the transient problem of the
SIR-B sensor in power transmission stability caused by a metal chip in the
transmission path (Cimino and others, 1986). One approach, after Der-
ryberry and others (1986), attacks this problem so that the need for accu-
rate calibration of the sensor and for detailed knowledge of the
image-mapping algorithm is eliminated. To adopt this approach for com-
parison of the two SIR-B images of Kilauea, the DNs of the 28° data are
defined as

DN = A 0¥ (0)) 0))]
and in the 48°-incidence-angle SIR-B data as

DN = AB o® (8)) 2
where DNg is the average image DN calculated over a small homogene-
ous region at incidence angle ©, A is a scaling factor accounting for all

sensor and processing variables introduced in collecting the 28° data and
mapping it into an image, B is the relative calibration factor accounting for
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SIR-B. Qualitatively, the NRL data matched the sea state near Hawaii at
the time of the SIR-B overflights. Using the NRL data as estimates for ¢©
at 28°- and 48°-incidence angles in equation 3 and the average DNs from
each image for ocean data, we calculated the relative calibration constant
B to be

B=9.72dB 4)
and A to be
A =59.37 dB. )

Equations 1 and 2 and the calibration constants 4 and 5 were used to
derive data shown in Table 3 and Figure 14 for several Kilauea a’a and
pahoehoe flows for the 28° and the 48° SIR-B images. These data show
that the backscatter range for a’a was about 1 dB in both images, which
was not apparent from the equivalent range of DNs for these flows. Note
also the difference of about 7.8 dB in the a’a backscatter values at 28°
compared to those at 48° (comparing the midpoint values), which was
again not apparent from the DNs. In addition, these data show that the
range of backscatter for pahoehoe was 5.4 dB in the 28° data and 2.7 dB in
the 48° data. Comparing midpoint values, there is a difference of about 8.2
dB between the pahoehoe backscatter at 28° and the backscatter at 48°.
Several conclusions can be drawn from these data.

1. The 28° incidence angle returned more signal power to the an-
tenna than did the 48° incidence angle data, as shown by the ¢° values

TABLE 3. DATA NUMBER (DN) AND SIGMA ZERO (00, dB) VALUES FROM
SIR-B DATA FOR SELECTED KILAUEA VOLCANO LAVA FLOWS

sensor and processing differences from the 28° data to create the 48° A Patochoe
image, and 6%(0)) is the backscatter at local incidence angle 0. Min, 130 50
The relative calibration value B can be estimated by forming the ratio DN R " bt
of equations 1 and 2 and calculating the result for a homogeneous region 28°
(more estimations calculated at various points over the image dynamic 0 Nin. AN v
range will improve the estimate): Range 095 539
DN (40) o0 (450) DN i o4 5%
(3) Range 24 26
DN (280 a0 (289) e
0 Min. -25.01 -31.94
where DN (4g0) and DN (g7 are the average DNs recorded for the same ° Remee = v
small homogeneous region in both images. Knowing B allows us to esti-
mate A for the same regions in both images. For the 28° image, we use
equation 1; for the 48° image, we use equation 2. If the assumptions are
valid, realistic estimates of A and B are derived, providing a means of 6 T
comparing uncorrupted data. 18l
Using known o data for the ocean as a calibration point, A and B
can be estimated. Ocean data were collected by the Naval Research Lab- . AF
oratory (NRL) in July 1965 (Guinard and Daley, 1970) using a gi ool
scatterometer operating at L-band with horizontal polarization, as was o
N
1]
E s
)
» -28 |-
Figure 14. Radar backscatter (sigma zero, dB) versus incidence angle (degrees) 301
from the SIR-B data of Kilauea for a’a and pahoehoe flows shown in Figure 13 and 32
Table 3 at 28°-and 48°-incidence angles. The slopes of the lines drawn through the 20

midpoint values are 0.391 dB/degree for a’a and 0.395 dB/degree for pahoehoe.

Incidence Angle
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derived from the DNs recorded, and as expected from theoretical consid-
erations. The 48° DNs represent a brighter image, however.

2. The rough surface of the a’a lava returned more power at both
angles than did the smoother pahoehoe surface, and the range of variation
was smaller between the angles for a’a than for pahoehoe, as expected.
The first of these points is confirmed in the image DNs, but the second is
not as obvious.

3. The 28° image shows a greater degree of unit discrimination
among smoother units, as shown by a 5.4 dB range compared with the 48°
pahoehoe data (2.7 dB range) and with a’a data at both incidence angles.
This conclusion is consistent with observations based on DNs.

4. The bright, rough a’a lavas have about the same discriminability
in both images as shown by a 1.0 dB range. Obviously we assume that the
actual range of surface conditions is about the same for both a’a and
pahoehoe flows under discussion.

5. The total range is about 9.3 dB from the brightest a’a to the
darkest pahoehoe at 28° and about 8.2 dB at 48°. This means that the 28°
imaging scenario produces data requiring a larger display dynamic range
and thus reduced contrast on a pixel-to-pixel basis. Although our analysis
of the DNs shows the opposite to be true, we conclude that the display
dynamic range is greater for the 48° data, not the backscatter dynamic
range.

6. The calculated o values show the 28° imaging configuration to
be the more powerful one, with greater sensitivity, better unit discrimina-
bility, larger dynamic range, and producing data with a larger signal-to-
noise ratio (that is, improved data quality). The same conclusion can be
drawn from the DNs, but it would be based on weak inferences and
misleading results.

It is important to note that an imaging radar with sufficient transmit-
ter power and antenna and receiver gain can be tuned to discriminate
radar-dark or radar-bright units. In fact, with sufficient dynamic range, a
system could be tuned to discriminate both bright and dark units. When a
system has marginal gain and range, all bright targets may be truncated
and all dark ones buried in the noise. The linear distribution of the DNs
plotted in Figure 13 suggests that SIR-B had sufficient gain and dynamic
range available during acquisition of both the 28° and 48° images.

The greater degree of unit discrimination among smoother units on
the 28° data can be observed in the map and 28° and 48° SIR-B images of
Kilauea Caldera shown in Figure 10. In the 28° image (Figure 10B), the
brightness contrast between the pahoehoe flows of July 1974 and 1919 is
much greater than in the 48° image (Fig. 10C), thus enhancing our ability
to distinguish between these units on the 28° image. Note that although the
contrast in DNs between the July 1974 and the 1919 pahoehoe lava flows
permits their separation to some degree on both images, the September
1982 pahoehoe flow (with DN’s similar to those of the July 1974 flow)
cannot be distinguished readily from either the adjacent 1921 pahoehoe
flow or from deposits of the nearby 1790 pyroclastic ash. Thus we see that
unambiguous distinction based on average DNs between many recent
pahoehoe lava flows and pyroclastic deposits is difficult in the original
digital SIR-B data. In the following sections, we examine the utility of
several image-enhancement and analysis techniques for increasing our
ability to distinguish between these smooth, radar-dark units.

Image Smoothing and Unit Mapping

To improve our ability to distinguish between low-return volcanic
units on the SIR-B images, we have utilized two image-enhancement
techniques on these digital data: image smoothing and unit mapping.
Kilauea Caldera is chosen again as an example because its surface is
dominated by low-return volcanic units such as pahoehoe flows and ash
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deposits. Image-smoothing techniques (specifically, mean and median fil-
tering) were used to remove “speckle,” or the mottling effects of spurious
bright pixels. Speckle, an artifact of the radar-imaging process, is produced
by random constructive and destructive interference of coherent radar
energy (Goodman, 1976; Tomiyasu, 1983). Speckle produces an artifi-
cially granular or mottled image texture (that is, reduces the image quality
and interpretability), and therefore removal of this effect is an important
step in radar-image analysis. A common method of dealing with the
problem of speckle involves the averaging of several radar “looks” (a look
is a single “view” of a target along the ground swath). As multiple-look
averaging has the combined effect of decreasing the amount of speckle and
reducing the image resolution, a trade-off which optimizes these two pa-
rameters involves the averaging of four radar looks (Li and Bryan, 1983).
Although this technique improves image quality while retaining much of
the spatial resolution, the residual speckle continues to hamper quantita-
tive image analysis, particularly image classification. For the SIR-B exper-
iment, a compromise was achieved between the number of looks (4) and
spatial resolution (about 25 m) (Curlander, 1986).

- In order to further reduce the problem of speckle, both mean- and
median-value filtering of four-look radar images have been employed
(Blom and Daily, 1982). These filtering techniques utilize an odd-
pixel-sized sliding “window” of pixels within which is calculated the mean
or median value for all enclosed pixels; the center pixel is then replaced by
the value calculated for that window (Pratt, 1978). For quantitative image
analysis, Blom and Daily (1982) recommended the use of a median-value
filter; although median-value calculation is more computer-intensive, the
result is less affected by the presence of an unusually bright or dark pixel.
Both a mean and median filter were applied to the SIR-B images of
Kilauea Caldera, with 3x3, 5x5, 7x7, and 9x9 pixel window sizes used.
Qualitative comparison of the two sets of filtered images indicated min-
imal differences in image quality; thus the less expensive, faster mean filter
was preferred for our image analyses of the SIR-B data. Although for each
set of images the 7x7 window size was judged the most useful for retaining
spatial resolution while controlling speckle, the 9%9 window size produced
smoother unit boundaries and internal image textures. As described below,
the 9x9 mean filtered images are preferred for image analyses, such as unit
mapping, texture analysis, or classification, which are dependent upon
uniform unit signatures.

The value of radar image smoothing is illustrated in Figure 15, which
shows mean-filtered versions of the 28° and 48° SIR-B images of Kilauea
Caldera. These images were produced with a 7x7-pixel moving window.
Note that the filtered images appear less “noisy” than do the images of
Figure 10, with more uniform image textures and smoother unit bounda-~
ries (although the loss of image resolution is apparent even for this size of
filter).

To aid the identification of geologic units within Kilauea Caldera, we
utilized a technique referred to here as “unit mapping” (also cailed density
slicing and gray-level quantization). This technique uses the image histo-
gram (distribution of gray levels) to remap DN in selected ranges or bins
to common gray-level values. Image features with similar DNs may thus
be remapped as the same “unit,” the dimensions of which depend on the
sizes of the bins selected. Figure 16 shows the results of using this tech-
nique on the SIR-B images of Kilauea Caldera using four single-valued
bins. To assess the value of this technique for low-return unit discrimina-
tion, the bin boundaries were chosen from mean DNs of pahoehoe lava
flows and pyroclastic deposits on the floor of Kilauea Caldera. The unit-
mapped images (Fig. 16) thus show more uniform DNs and more distinct
boundaries between several pahoehoe units, including those of July 1974
and 1919, and those of September 1982 and 1921. The use of this tech-
nique, however, has not significantly improved our ability to separate the



Figure 15. Smoothed SIR-B images of Kilauea Caldera at incidence angles of (A) 28° and (B) 48°. These images were derived using a 7x7-
pixel moving window within which the mean pixel value is calculated and substituted for the value of the center pixel.

Figure 16, Unit-mapped SIR-B images of Kilauea Caldera: (A) 28°-incidence-angle image; (B) 48°-incidence-angle image. These unit-
mapped images were derived using four single-valued bins, with bin boundaries chosen on the basis of the mean pixel values of pahoehoe flows
and pyroclastic deposits on the floor of Kilauea Caldera.
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September 1982 pahoehoe flow and the 1790 ash deposit. In addition,
note that since the bin values were primarily determined on the basis of
DN ranges within low-return geologic units (that is, pahoehoe flows and
ash deposits), the high-return units are saturated and expanded in size in
these images. These examples show that although remapping of pixels on
the basis of their average DN values serves to enhance unit boundaries,
unambiguous low-return radar unit definition requires a significant separa-
tion in DNs (for example, larger than that observed for the 1790 ash
deposit and September 1982 pahoehoe flow).

Texture Analysis

Although the unit-mapped images of Figure 16 improved discrimina-
tion of unit borders, and thus geologic unit mapping, optimal use of this
technique requires knowledge of where the actual boundaries exist. A
technique for unit separation which does not require user interpretation is
based on unit textures in an image. Image “texture” is described as a
measure of the spatial distribution of tonal variations in an image on a
scale larger than the resolution element of the radar (Pratt, 1978). Texture
analysis of image data has been used for many years (Haralick, 1979) and
has been applied to a variety of geologic problems (Haralick and Shanmu-
gam, 1974; Weszka and others, 1976, Irons and Peterson, 1981). Studies
of radar image texture have shown that texture is an important spatial
feature for identification and characterization of units in a radar image
(Shanmugam and others, 1981; Frost and others, 1984; Stromberg and
Farr, 1986; Ulaby and others, 1986).

To evaluate texture analysis for discrimination of units on the SIR-B
data, we have adapted the gray-tone spatial-dependency technique of Har-
alick and others (1973). This technique, which provides a practical and
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easily computable method of characterizing image textures for terrane
classification (Weszka and others, 1976; Conners and Harlow, 1980),
computes a set of “texture features” (statistical measures of textural charac-
teristics) from a gray-level co-occurrence matrix calculated for a digital
image. This matrix is an M by M array which describes the occurrence of
gray-level pairs in an image given the joint probability of a pair of gray
levels occurring in a given direction and separation, where M is the
number of gray levels possible. We have calculated a nearest-neighbor,
gray-level co-occurrence matrix (separation = 1 pixel) for a quantized
version of the 28°-incidence angle SIR-B image of Kilauea Caldera in
which the value of M is 20. Four statistical texture features described by
Haralick and others (1973) were computed in both the horizontal and
vertical directions from this matrix: (1) angular second moment (ASM)
measures homogeneity; (2) contrast (CON) measures local gray-level vari-
ation; (3) correlation (COR) measures linear dependencies, or the resem-
blance between rows and/or columns; (4) entropy (ENT) measures
randomness. Although Haralick and others (1973) calculated a series of
single texture features for an image, we computed each of the features
above within a 5x5-pixel sliding window on the original image, replaced
the center pixel of that window with the computed value, and produced a
derived image showing the local variation for each feature. Our examina-
tion of the derived images indicates the following.

1. Images calculated horizontally (across) and vertically (down)
show small differences which appear to be related to the look direction
(northwest to southeast) of the radar. The vertically calculated texture
features have more distinct unit boundaries and fault scarps and thus
appear to reflect the preferential enhancement of features oriented perpen-
dicular to the radar look direction.

2. Only the ASM, CON, and ENT features show enhancement of
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Figure 17. Two image texture features calculated for the 28° SIR-B image of Kilauea Caldera using the algorithm of Haralick and others
(1973): (A) shows the contrast feature; (B) shows the entropy feature. In these images, areas of high contrast and high entropy are shown as
bright units, whereas areas with smooth image textures or relatively uniform pixel values are shown as dark units.
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the young pahoehoe flows in the floor of Kilauea Caldera; the COR
feature (similar to the original image but with degraded resolution) ap-
pears to reflect the lack of dominant long-wavelength topographic struc-
ture or trend in the original SIR-B image. Figure 17 shows the CON and
ENT features calculated vertically for the 28° SIR-B data. In these images,
areas of high contrast and high entropy (that is, large amounts of local
brightness variation and randomness, respectively) are reproduced as
bright units, whereas areas with relatively uniform pixel brightness values
or smooth textures are shown as dark units. Comparison of these features
for the September 1982 flow and the 1790 ash (see Fig. 10A), both shown
as darker (more uniform) units surrounded by mottled areas of higher
contrast and entropy, indicates that (aided by topographic enhancement of
the south rim of the caldera) the September 1982 flow can indeed be
distinguished as a separate unit on these images.

Our examination of the texture features calculated for the SIR-B data
of Kilauea Caldera indicates that texture analysis does enhance discrimina-
tion of geologic units, particularly young pahoehoe flows, on the 28°
SIR-B data. These results permit a few recommendations for texture anal-
ysis of radar images: (1) ASM and ENT features show similar but inverse
results, suggesting that only one needs to be calculated as a measure of
homogeneity; (2) calculation of texture features in only one direction,
chosen to approximate the look direction of the radar, is recommended,;
(3) Haralick and others (1973) present additional texture features which
might perform equally well or better than those used in our study.

GEOLOGIC ANALYSIS OF SIR-B DATA
OF KILAUEA VOLCANO

To extrapolate the results of our geologic analysis of the SIR-B data
of Kilauea to future SAR investigations of volcanic terranes, we must
understand the extent to which SIR-B data can contribute to an interpreta-
tion of the eruptive history of Kilauea. In addition, an analysis of the
eruptive history of Kilauea as it can be interpreted on the basis of the
SIR-B data illustrates some of the advantages and limitations of radar data
for geologic analysis of a volcanic terrane.

Kilauea Volcano has a number of features and units which are char-
acteristic of basaltic shield volcanism, including a broad, gently sloping
central cone that is commonly composed of numerous, thin basaltic lava
flows; a summit crater or caldera complex; radial or concentric rifting and
faulting; and associated lava flows, cinder cones, collapse pit craters, and
smaller parasitic shields. Many of these landforms can be observed or
inferred from examination of the SIR-B data. The existence of a gently
sloping central shield can be inferred from observation of the bright rim of
the large caldera complex and the southward (downslope) flow direction
of flows along the SWRZ. The morphology of the observed summit
caldera (surrounded by arcuate, overlapping faults, with associated pit
craters) suggests multiple episodes of collapse, inferred to result from peri-
odic withdrawal and perhaps explosive eruption of magma from an under-
lying chamber. The extensive low-return unit near the summit caldera
indicates the presence of ash deposits and suggests that pyroclastic volcan-
ism, at least in recent years, has been a major eruptive style in that area.

Radial faults and/or fissures are observed on the SIR-B data as faint
bright traces trending southwest from the summit and as sites of numerous
effusive eruptions. Many of the flows observed on the SIR-B data appear
to originate from two centers of eruption along the SWRZ (Mauna Iki, the
Great Crack). Several of these bright flows are superimposed on more
broadly distributed, less bright (older?) flows, indicating that these eruptive
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centers may have evolved relatively recently, postdating eruptions occur-
ring at other sites along the rift zone. Thus the recognition of parasitic vents
and/or rift zones on radar images of volcanoes may be ambiguous, hinder-
ing studies of the internal structure of volcanic centers such as that of
Nakamura (1977). - )

The numerous bright lava flows, interpreted to be a’a flows, provide
evidence for effusive volcanism on the SIR-B images of Kilauea. Although
radar data do not provide direct evidence of unit ages, variations in bright-
ness for a’a flows suggest that relative ages may be inferred from their
average brightness values (Derryberry and others, 1985; Farr, 1985). Such
an approach assumes that the a’a flows were of similar surface roughness
when they erupted and that the dominant influence on brightness is degra-
dation by weathering (which must operate equally over the area studied);
the brightening effect of vegetation growth with increasing age is usually
ignored. On the assumption that this approach is valid for Kilauea, the
brightest flows are interpreted to be the youngest, with brightness decreas-
ing with increasing age (that is, as weathering progresses). Thus the ob-
served variability in lava-flow brightness on the SIR-B images suggests that
effusive volcanism has continued for some time, both predating and post-
dating a major explosive eruption of indeterminate age near the summit
caldera. The approximately equal brightness of many flows, particularly
near the smaller eruptive centers, indicates that they are coeval and that
effusive eruptions were relatively frequent at these sites. The limited size
and simple structure (that is, absence or limited number of flow lobes) of
many flows also points toward the prominence of low-volume eruptions of
short duration (Hulme, 1974; Moore and others, 1978; Baloga and Pieri,
1986). For example, the narrow, short (12-km-long), single-lobed De-
cember 1974 flow appears to have been formed by a short-duration erup-
tion, whereas the longer, wider, multiple-lobed flows in the central and
southwest SWRZ are suggestive of more complex, longer duration erup-
tive episodes. Such interpretations suggest that flow duration and complex-
ity increased with increasing distance along the SWRZ, indicating the
existence of a well-developed plumbing system between the summit and
lower rift.

Although our SIR-B-based characterization of volcanism at Kilauea
is generally accurate, misinterpretation of several aspects of the volcanic
history of Kilauea would result from reliance upon the SIR-B data alone.
As shown by an extensive dark unit and the apparent absence of pahoehoe
flows, pyroclastic volcanism appears to be the dominant eruptive style at
the Kilauea summit. In reality, large-scale explosive eruptions have been
rare, and pyroclastic deposits cover only 2% of the present subaerial sur-
face of Kilauea (Holcomb, 1987). The apparent lack of pahoehoe flows on
the SIR-B data erroneously suggests that effusive eruption of these very
fluid lavas was not common at Kilauea. In addition, because pahoehoe
lavas often comprise the near-vent portions of longer flows, both the
number of flows and the dimensions, especially the lengths, of many lava
flows would be greatly underestimated. The apparent prevalence of a’a
lavas along the rift zones also suggests that Kilauea lavas had higher
average viscosities than they do and that the average eruption rate of
Kilauea lavas were higher than they are (Rowland and Walker, 1989).
Finally, the inability to distinguish features such as cinder cones, low-relief
lava shields, and small fissure systems also mistakenly indicates that effu-
sive or strombolian activity was a less important style of volcanism than
large-scale pyroclastic eruptions.

In summary, we have shown that, compared to more conventional
methods of geological reconnaissance such as field mapping and aerial
photograph analysis, SIR-B has both advantages and limitations for the
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geologic analysis of Kilauea volcanism. As discussed above, the directional
nature of the SIR-B radar energy served to enhance large-scale topo-
graphic features such as the summit caldera and the Koae faults, which
were oriented approximately perpendicular to the radar antenna. The
sensitivity of the SIR-B radar to surface roughness has permitted delinea-
tion of the location and distribution of the rough-surfaced a’a lava flows of
Kilauea. In addition, statistical information extracted from the digital data
for these a’a lava flows may be used to constrain their relative ages
(Derryberry and others, 1985) and flow-emplacement characteristics
(Gaddis and others, unpub. data). Limitations of the SIR-B data for
geologic analysis of Kilauea included the inability to resolve small-scale
topographic features such as cinder cones and fissures, and the insensitivity
to variations in small-scale roughness, resulting in an inability to separate
pahoehoe flows from other low-return volcanic units.

The fact that many of these advantages and limitations were imposed
by operating parameters of the SIR-B system suggests that future geologic
analyses of SAR images of volcanic terranes could benefit from a critical
evaluation of some of those parameters, particularly wavelength and inci-
dence angle. The degree of surface roughness to which the SIR-B radar
was most sensitive was influenced primarily by the 23-cm wavelength;
although a’a lava flows were sufficiently rough to be enhanced on the
SIR-B data, the smoother pahoehoe lavas were not distinguishable from
adjacent, even smoother low-return units. The sensitivity of the radar to
smaller-scale surface textural variations, and thus the detectability of pa-
hoehoe lavas near Kilauea, might have been greatly improved if a smaller
wavelength radar had been used. Because the use of a smaller wavelength
would have resulted in the enhancement of both rougher pahoehoe and
a’a lava flows, however, discrimination between these two flow types also
would have been more difficult. Clearly the optimal choice of a single

radar wavelength must depend on the nature of the surface to be studied;

perhaps the best solution for Kilauea would have been to use multiple
wavelengths.

The acquisition of SIR-B data at different or additional incidence
angles might also have improved the discrimination of volcanic units near
Kilauea. As illustrated in Figure 2, greater discrimination between geologic
surfaces of differing roughness can be achieved by selecting incidence
angles smaller than about 15° and greater than about 35°. For the 23-cm
SIR-B radar, more appropriate incidence angles for the discrimination of
voclanic units near Kilauea might have been closer to 20° and 50°.

CONCLUSIONS

Our examination of the SIR-B data of Kilauea Volcano has enabled
us to draw the following conclusions regarding the use of SAR data for
geologic analyses of volcanic terranes.

1. Several volcanic landforms of Kilauea, including large-scale tec-
tonic features, the areally extensive 1790 pyroclastic deposit, and a’a lava
flows, are readily observed and characterized on SIR-B images. Landforms
with structures and/or surface textures on a smaller scale, such as cinder
cones, spatter ramparts, fissures, and pahoehoe lava flows, were not well
documented on the SIR-B data, however. Topographic features with
greater than ~10 m of relief and radar-facing slopes were preferentially
illuminated and thus enhanced on the radar images. Small-scale topo-
graphic features, with relief of less than 10 m, were not resolved on the
SIR-B data. The smooth, generally fine-grained 1790 ash and the ex-
tremely rough a’a flow surfaces produced sufficiently low and high radar
backscatter (respectively) in contrast to their surroundings that these two
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units were clearly identifiable on the SIR-B data. By contrast, the smooth
pahoehoe flows produce dark returns which cannot be easily discriminated
from those of other adjacent low-return units (for example, ash deposits).

2. Volcanic landform characterization does not vary significantly on
the 28°- and 48°-incidence angle SIR-B images. With the uncalibrated
digital data currently available to us, we can state only qualitatively that
the SIR-B data acquired at a 28°-incidence angle provides slightly greater
discrimination among the darker, low-return pahoehoe lava flows. For
future radar missions, data obtained at incidence angles of about 15°-20°,
25°-35°, and 45°-50° would be more appropriate for volcanological
investigations.

3. The use of standard image-enhancement techniques such as con-
trast enhancement, smoothing (pixel averaging), and unit mapping (den-
sity slicing), does not greatly improve discrimination among low-return
units due to the inherently low signal strength. Although the use of statisti-
cal image texture analysis facilitated unit discrimination, the optimal use of
this technique requires knowledge of the existence and characteristics of
units to be distinguished.

4. Geologic analyses of the SIR-B data produced a generally accu-
rate assessment of the character of Kilauea volcanism, indicating that radar
data can provide a valuable means of studying less accessible volcanic
terranes. Limitations of the SIR-B data, such as the difficulty in recognizing
pahoehoe flows, however, result in the misinterpretation of several aspects
of Kilauea volcanism. These observations suggest that caution should be
exercised in the interpretation of SAR data of volcanic terranes.
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